Abstract: This study presents a wind conversion system with integrated energy storage and dispatchable output power. The energy storage acts as an auxiliary source to mitigate the wind power fluctuations and to follow the load demand changes. A control strategy is developed which manages the flow of power among the wind-turbine generator, the energy storage and the grid. A dynamic model for the overall wind conversion system is developed. A controller is designed systematically for the wind conversion system based on the developed dynamic model. Performance of the system in various modes of operation is evaluated based on digital time-domain simulations in the power simulink (PSIM) software environment.
Introduction
World-wide concerns about the energy sustainability and the environmental issues related to traditional power plants have provided incentives for a greater use of renewable energy. Although renewable energy sources offer environmental and in some cases economical benefits, their utilisation in the electric power systems has been facing with many technical challenges. The main technical challenges include power quality, reliability and protection [1] .
Wind as a type of renewable energy has received considerable attention for producing electricity because of its cost competitiveness in comparision with other types of energy which are conventionally used for power generation [1 -5] . Wind is a free and abundant source of energy and hence, is attractive in terms of the cost and energy security. However, wind is in nature intermittent and its energy has a large range of variations. This causes significant technical challenges for a wind energy conversion system, particularly when compared with the conventional energy sources which have a controllable output power.
One of the major technical problems of wind conversion systems is the fluctuations of the output power. The power fluctuations can cause frequency deviations which may lead to system instability, particularly in power networks with a high penetration of wind energy systems. Additionally, since the output power of wind conversion systems varies with time, they are usually considered as negative loads and not dispatchable sources like the conventional generation systems. As a result, a wind conversion system is not a controllable source of energy whose output power can be regulated based on the load demand. Furthermore, a wind conversion system cannot be participated in the economic dispatch strategy which is conventionally carried out in large-scale power systems.
Various methods have been proposed in the literature to address the power variation problem of wind conversion systems [1 -7] . The methods are generally based on employing an energy storage device or auxiliary source. Abbey and Joos [1] has studied the application of super capacitors as an energy storage device for wind conversion systems. The super inductor can also be used as an energy storage device; however, it is more costly than a super capacitor [2] . The flywheel has been proposed as an auxiliary source of energy for wind conversion systems [3] because it is commercially available and is currently used to support the grid frequency. All the technologies mentioned above can operate as an auxiliary energy source for a short duration, typically less than 6 s.
The use of battery as an energy storage device seems to be more practical than other technologies [4] . Batteries usually have a reasonable price and can supply energy for longer durations. However, their application have arisen environmental concerns [4] . Another alternative is to employ the generator rotor as an energy storage device [5, 6] . When the wind power is more than the load power demand, the extra energy is stored in the rotor inertia which is recovered when the wind power falls below the load demand. With this method, the drawbacks are the wind turbine cannot operate with a maximum power extraction method, and the wind power fluctuations can be smoothen only for a short time period of about 2 s.
Although the methods mentioned above offer practical solutions for the power variation problem of wind conversion systems, they focus less to describe an effective method to manage the power flow among the wind-turbine generator, the auxiliary source and the grid. An effective power flow method should ensure the load demand is fully provided regardless of the wind speed variations and load changes for both grid-connected and island situations. Such a method is presented in this paper where the power is managed at a dc bus to which the wind-turbine generator and auxiliary source are coupled. This paper introduces a wind conversion system with integrated energy storage. The energy storage serves as an auxiliary source for the wind conversion system during dynamics resulted from the wind power fluctuations and/or load changes. A control strategy is developed that manages the flow of power among the wind-turbine generator, energy storage and the grid, so as the overall wind conversion system is turned into a dispatchable power source. In other words, power from the wind conversion system can be controlled from a dispatch centre, like that of the conventional power plants. The control strategy also reduces dynamics of the overall wind conversion system, particularly during step load changes and islanding. A dynamic model for the overall wind conversion system is developed and used for the systematic design of a control system. Performance of the wind conversion system is evaluated for various operation modes based on digital time-domain simulations in the PSIM software environment.
The paper is organised as follows. Section 2 introduces the proposed wind conversion system. The principles of operation and control of energy storage are explained in Section 2. Section 3 develops a dynamic model for the overall wind conversion system. In Section 4, a controller is designed for the wind conversion system. Performance of the system is evaluated in Section 5. Conclusions are stated in Section 6. Fig. 1 shows the block diagram representation of a wind conversion system with energy storage. The system includes a wind turbine, a permanent-magnet synchronous generator (PMSG), a back-to-back voltage-sourced converter (VSC) and an energy storage, including a source and a converter. The generator converts the wind energy into electrical energy. The generator-side converter turns the generator terminal voltage into a dc voltage which is then converted into three-phase ac voltage at the utility system by the grid-side converter.
System description
To operate a wind-turbine generator most efficiently, maximum available power must be extracted from the wind. The maximum power that can be extracted from wind depends on the wind speed and wind-turbine characteristics. The generator speed has to follow the wind speed to extract Fig. 1 Wind conversion system with energy storage the maximum power [8] . Generator-side converter controls the generator speed and grid-side converter regulates the real and reactive powers delivered to the grid. The energy storage provides the difference between the power demanded by the utility and that available from the generator. The energy storage not only enhances power quality at the utility system but also turns the overall windturbine generator and storage into a dispatchable source. Therefore the proposed wind-turbine generator operates like a conventional source with controllable output real and reactive power which can be assigned by a dispatch centre. Conventionally, wind-turbine generators are considered as negative loads since their output power cannot be regulated like controllable sources. Fig. 1 shows a block diagram of the energy storage connected to a back-to-back converter. The system of Fig. 1 has two modes of operation that are described below.
Energy storage: basics of operation

Mode I -variable load with constant generator power:
This mode of operation considers a case in which the wind turbine operates at a constant output power corresponding to a constant wind speed and the load demand changes. In a wind-turbine generator, the available power from wind depends on the wind speed which is not controllable. To provide a balance between the generator output power and the load demand as it varies, the energy storage of Fig. 1 is attached to the generator. Depending on the load demand whether it is more or less than the generator power, the storage delivers or absorbs power. Fig. 2 illustrates the principles of operation of the energy storage of Fig. 1 for Mode I. Fig. 2a shows the load demand variations, where the load current i l has sudden changes at times t 1 , t 2 , t 3 and t 5 . Fig. 2a shows the generator output current at the dc-link which is assumed to be constant during all load changes. Fig. 2c shows the current from energy storage which provides the difference between the load and generator currents. During the intervals for which the generator output power is equal to the load power, the storage current i b is zero, Fig. 2c . For the interval (t 1 , t 2 ) [interval (t 3 , t 5 )] for which the available power from the generator is less (greater) than the load demand, the storage is discharged (charged) to provide the power balance. Fig. 2d shows variations of the storage device energy during its charging and discharging operation modes.
2.1.2 Mode II -constant load with variable generator power: This mode considers the operation of energy storage when the wind speed varies. The load power is assumed to be constant for the sake of simplicity. Variations of the load do not change the principles of storage operation which is illustrated in Fig. 3 . Fig. 3a shows that the load current i l is constant. Fig. 3b shows the generator current that varies as a result of the wind speed changes. At t 1 , the current decreases from i l to i s2 and the current difference between the load and generator is provided by the storage, Fig. 3c . At t 2 , the generator current increases due to a wind-speed increase. The generator output current provides the load current and also charges the storage device. The storage cannot be charged with a current greater than I b(max) . Thus, the generator power in excess of the load and storage consumptions is dumped to a resistor in parallel to the dc-link capacitor. At t 3 , the generator current starts to decrease in a ramp fashion and settles eventually at load current, i l . During the period (t 3 , t 4 ), the storage continues to charge until it is fully charged and goes to the stand-by mode at t 4 . In the stand-by mode, no energy is exchanged between the battery and the rest of system, however, the battery as the energy storage device is ready to quickly act in case of an energy shortage. 
(v dg , v qg ) and (i dg , i qg ) are the generator dq terminal voltages and currents, R sg is the stator resistance, L dg and L qg are the d-and q-axes inductances, l m is the permanent-magnet flux, T m is the input mechanical torque of the wind turbine, v g is the generator speed, P is the number of poles, J is the rotor moment of inertia and B is the friction and windage coefficient. 
Energy storage converter
Main converter
Fig . 5 shows a detailed representation of the back-to-back converter of Fig. 1 . It includes a converter at the generator side which is connected to the dc link of a VSC at the grid side. The generator-side converter rectifies the generator output voltage to dc voltage which is then converted to ac three-phase voltage by the grid-side converter. Fig. 6 shows a dynamic model of the wind conversion system of Fig. 1 including that of the back-to-back converter of Fig. 5 . The model includes dq representations of the PMSM and the energy storage that were presented in Sections 4.1 and 4.2. Details related to development of the dynamic model of Fig. 5 are presented in [10] .
Based on the model of Fig. 6 , the wind conversion system can be represented by the following mathematical equations
i sm represents the energy storage current and D denotes (d/dt).
System control
Generator-side converter control
To maximise power extraction from the wind, the generator is controlled based on the tip speed ratio method in which the generator speed follows the wind speed [8] . Fig. 7 shows the block diagram representation of a controller for the generatorside converter of Fig. 1 . To capture a maximum power from the wind, the generator reference speed v gref is calculated based on the measured wind speed and the optimal tip speed ratio. The generator reference speed and the wind speed are related by v gref = (l t v w /r t ), where v w is the wind speed, l t is the optimal tip speed ratio and r t is the wind-turbine radius. The reference speed is compared with the measured generator speed and the error is given to a PI controller whose output is the generator q-axis current reference i qgref . The generator daxis reference current i dgref is proportional to the generator output real power and is specified based on the available power from the wind. The generator d-and q-axes current references input a block that controls the generator-side converter by space vector modulation [11] . The PMSG considered in this study is a surface-mounted machine. Thus, L dg and L qg are equal, and the electromagnetic torque is only a function of i dg . The generator speed is controlled by regulating the electromagnetic torque which is represented in terms of the generator d-axis current as
The current i dg is calculated through the transformation of 
The current i dg can be estimated alternatively from
where |i sg | is the magnitude of generator phase current, a is the angle of phase-a current and u g0 is the initial rotor angle. Equation (7) indicates that by regulating the stator current vector, the electromagnetic torque can be directly controlled.
Grid-side converter control
In the wind conversion system of Fig. 1 , the grid-side converter regulates the active and reactive power. In a wind conversion system, the dc-link voltage may have large fluctuations as a result of the wind speed changes and the resultant generator output power variations. Therefore the control of grid-side converter must ensure a constant voltage at the dc-link in the presence of large generator voltage and power fluctuations. The grid-side converter must also regulate the exchange of reactive power with the grid to control the load voltage [1] . Fig. 7 shows the block diagram representation of a control system for the grid-side converter of Fig. 1 . The inputs are v dcref which is the reference dc-link voltage and Q nref which is the reference reactive power specified by the utility system. The converter terminal currents and line voltage are measured and used to estimate the reactive power Q. Comparing the measured reactive power and dc-link voltage with the corresponding references, the PI controllers provide references for the dq voltages. The current references are transformed to the corresponding abc current references. They are compared with the measured phase currents and the errors enter the switching signal generator. The following provides key equations used to design the control system of Fig. 7 . Equation (4) represents a dynamic model for the dc-side circuit of the converter system. The model is non-linear since the state variable v dc appears in the denominator. To design a controller for the grid-side converter, the model of (4) is linearised employing the feedback linearisation technique [10, 12] . Let us defineî dc aŝ
The linearised model of the dc-side circuit of converter from (3) is
The first-order dynamic model of (9) is used to design the controller which is effective for all operating conditions of the system [13] . In the controller of Fig. 7 , the real and reactive power components at the grid are calculated from
Note that P n and Q n are proportional to i dn and i qn , respectively, since it is assumed that the q-axis component of network voltage (v q1 ) is zero. 
Energy storage converter control
Fig . 7 shows the block diagram of a controller for the energy storage converter. The controller input is the power reference P load which is the load power demand specified by the utility system. The reference power is compared with the power from wind-turbine generator P Wind . If the difference between P load and P Wind is positive, the battery provides the power shortage, and if the difference is negative, the extra energy is stored in the battery for future use. The difference between P load and P Wind is compared with the battery power P battery and the error is given to a PI controller whose output regulates the duty cycle of active switch which is either S 1 or S 2 (Fig. 4) . When the battery provides power, switch S 2 is active and along with the diode anti-parallel to S 1 operate like a boost converter. When the battery is charged, switch S 1 is active and along with the diode antiparallel to S 2 operate like a buck converter. 
Performance evaluation
This section evaluates performance of the wind conversion system of Fig. 1 . A detailed representation of the system, including all power and control sub-systems, is shown in Fig. 7 . Performance of the system of Fig. 7 for various operating conditions is evaluated based on digital time-domain simulations in the PSIM software environment. Parameters of the system are given in Table 1 , Appendix. 
Constant load and variable wind speed
This section evaluates performance of the wind conversion system of Fig. 7 under variable average wind speed conditions. Fig. 8 shows dynamic performance of the wind conversion system when the wind speed varies in a wide range from 8.2 to 16 m/s, Fig. 8a [14, 15] . The average wind speed during the first 5 s is 10.5 m/s and that of the second 5 s is 13.6 m/s. Fig. 8b shows the output dc current i s of the generator-side converter which varies proportional to the wind speed cubic since the wind power is proportional to v 3 w . Fig. 8c shows the output current i b of the energy storage converter that follows variations of i s so as a constant input current i l is provided to the grid-side converter, Fig. 8d . Fig. 8e shows that the real power of the grid is constant despite wind power variations. Fig. 8f shows the reactive power of the grid that tracks the corresponding reference. The reactive power is initially at zero and is changed first to 5 Kvar at t ¼ 3 s and then to 25 Kvar at t ¼ 7 s. The results of Fig. 8 demonstrate how a constant output power is provided by the wind conversion system, despite wind power variations.
Variable load and constant average wind speed
The system is initially delivering 10 kW to the grid and the power is first increased to 15 kW at t ¼ 3 s and is then decreased to 10 kW at t ¼ 7 s. Fig. 9a shows the wind speed against time which varies from 8.2 to 16 m/s during 10 s. Fig. 9b shows the dc current i s of the generator-side converter which varies proportional to the wind speed cubic. Fig. 9c shows how the output current i b of the energy storage converter is regulated to provide a current i l with a constant magnitude (proportional to load) at the gridside converter, Fig. 9d. Fig. 9e shows the real power at the grid which tracks the corresponding reference that is changed from 10 to 15 kW at t ¼ 3 s and is decreased to 10 kW at t ¼ 7 s. The results of Fig. 9 demonstrate how the energy storage acts as an auxiliary source for the windturbine generator during the load increase.
Transitions from grid connected mode to island
This section evaluates performance of the wind conversion system of Fig. 7 when the system is transferred from the grid-connected to islanded mode. In this case, a local load of 5 kW and 2 Kvar is connected to the wind conversion system. Fig. 10 shows dynamic performance of the wind conversion system for the transition from the gridconnected mode to an island, where the wind profile is as shown in Fig. 9a .
Figs. 10a and b show the real and reactive power components at the conversion system output terminals and those of the grid and the local load. In the grid-connected mode, the wind conversion system generates 10 kW real power from which 5 kW is consumed by the local load and the remaining is delivered to the grid. When islanded, the wind conversion system generates 5 kW real power which is delivered to the local load. In the grid-connected mode, the wind conversion system provides 5.0 Kvar reactive power from which 2.0 Kvar is given to the local load and the remaining is delivered to the grid. When islanded, the wind conversion system generates 2 Kvar which is delivered to the local load. Fig. 10c shows the local load line-to-line voltage which is regulated in both the grid-connected and islanded modes despite wind speed variations. Fig. 10d shows the output dc current i s of the generator-side converter which varies proportional to the wind speed cubic. Fig. 10e shows the state of charge of energy storage source which discharges during low wind speeds and is charged when the wind speed increases. At t ¼ 6.8 s, the storage is fully charged and the extra power from the generator is dumped in the resistor parallel to the converter dc-link capacitor, Fig. 1. Fig. 10f shows the converter dc-link voltage which is regulated during all operating conditions. The results of Fig. 10 demonstrate desirable performance of the wind conversion system in terms of the load voltage and power regulations during the grid-connected and islanded modes and the transition between the two operation modes.
Conclusions
This paper investigates the behaviour of variable speed wind turbines integrated with energy storage. The focus of this paper is to provide a wind conversion system with the ability of dispatchable output power. The energy storage operates as an auxiliary short-term source in parallel with the wind-turbine generator such that the whole system provides the demand power. A control strategy was developed to manage the flow of power among the windturbine generator, the energy storage and the grid. With the power flow management strategy and the integrated energy storage, the overall wind conversion system becomes a controllable power source. It provides a regulated output power and voltage despite wind speed and power fluctuations and is also able to follow the load demand changes.
A dynamic model of the overall wind conversion system including the energy storage and power electronic converters was developed. The dynamic model was used to design systematically a controller for the wind conversion system. Performance of the overall wind conversion system in various operating conditions was evaluated based on digital time-domain simulations. The results demonstrated effectiveness of the proposed wind conversion system in providing a high power quality in terms of a regulated output power and voltage in the presence of wind power fluctuations. The results also showed that the wind conversion system can operate as a dispatchable source with load following capability and can transit smoothly through large dynamics such as those resulted from an islanding event. 
